ABSTRACT. Laser-ultrasonic measurements are performed during the annealing of cold-worked low-carbon steel at temperatures between 590°C and 610°C. During annealing, the ultrasound velocity behaves in a peculiar way, first decreasing and then increasing to a final value. The recrystallized fraction evaluated by metallography indicates that recrystallization occurs during both the decrease and the increase in longitudinal velocity. Texture evaluated using laser ultrasonics suggests that the peculiar behavior of the velocity might be due to two different regimes of texture evolution. Internal friction, investigated through ultrasound absorption measurements, is also revealed to be very sensitive to the annealing process. This internal friction is attributed to magnetomechanical effects that are also known to decrease the ultrasonic longitudinal velocity and probably contribute to the observed peculiar behavior of the velocity. From this work, we conclude that, although there remains much work to do to explain our observations, both the longitudinal velocity and internal friction measurements are promising approaches for the development of an online sensor to characterize annealing using laser-ultrasonics.
INTRODUCTION
When a polycrystalline material is plastically deformed, its internal free energy increases (higher dislocation density, new interfaces, etc.) and becomes thermodynamically unstable. The metallurgical phenomenon known as annealing is a thermally activated process that lowers this stored energy. Classically, annealing can be roughly divided in two distinct mechanisms: recovery and recrystallization. In recovery, there is annihilation and rearrangement of dislocations, while in recrystallization, new dislocation-free grains are formed. The occurrence and kinetics of each mechanism depend mainly on the material, deformation state and annealing temperature. Techniques for dynamic monitoring of annealing include calorimetry, hot stage x-ray and neutron diffraction, and hot stage optical, SEM and TEM microscopy. These techniques are very limited in heating rates and are not easily adapted to industrial, online monitoring. Ultrasound can be sensitive to annealing process through attenuation and velocity changes. The attenuation changes are caused by variations in scattering conditions (grain size and shape, texture) but also by variations in absorption (e.g. dislocation and magnetoelastic damping). Velocity changes are principally related to texture changes but other mechanisms, such as magnetoelastic phenomena and mechanisms involving dislocations, can also contribute. In this paper, we monitor the variations in ultrasound velocity and internal friction using laser-ultrasonics during the annealing of low-carbon steel. The longterm goal of this work is to develop an online sensor to monitor annealing. Variations in ultrasonic velocity are first presented. The observed variations are then compared with the recrystallized fraction evaluated by metallography and with texture evaluated using additional laser-ultrasonic measurements. Finally, the variation in internal friction during annealing is investigated through ultrasound absorption measurements performed with the reverberation technique.
LONGITUDINAL VELOCITY
Cold rolled (60% deformation) low-carbon steel (0.05 wt% C) samples (1 mm thick) are annealed in a thermomechanical Gleeble™ simulator. The thermal cycle consists of heating at 30°C/s up to the annealing temperature and holding this temperature until the samples are completely annealed. During the heat treatment, the ultrasound longitudinal velocity is measured in a direction perpendicular to the steel sheet using laser-ultrasonics. Generation is performed with a KrF excimer laser pulse of about 12 ns duration and 200 mJ energy. For detection, the light from a long-pulse (60 (is duration) Nd:YAG laser (150 mJ at 1064 nm) is Doppler shifted when reflected by the sample surface and then demodulated by a 1-meter confocal Fabry-Perot interferometer. The ultrasound velocity is determined from the time delay between two echoes. Figure 1 presents the variations in longitudinal velocity with time for three annealing temperatures: 590, 600, and 610 °C. Since the absolute velocity depends on the temperature, an offset is applied to two of the three cases shown in Figure 1 to equate the velocities at the beginning of the annealing process. In all cases, the behavior is rather peculiar, the velocity first decreasing by about 40 m/s and then increasing asymptotically to a constant value that depends on the annealing temperature. Also, the higher the temperature, the faster these variations occur, as expected for thermally activated processes.
From the observed variations, we conclude that the longitudinal velocity is very sensitive to the annealing process. However, it is hard to get a complete picture of the 400 FIGURE 1. Longitudinal velocity as a function of time during annealing at 590°C , 600°C and 610°C. An offset is applied to two of the velocities in order to equate all values at time zero.
underlying phenomena from this parameter alone. The observed variations could be interpreted as a signature of a recovery followed by recrystallization or could be related to a more complex process where recrystallization contributes to both the decrease and the increase. Additional measurements are presented for the 600 °C annealing temperature in the following sections to provide more information about the underlying mechanisms.
RECRYSTALLIZED FRACTION
The 600 °C annealing process is interrupted at various times by quenching and the recrystallized fraction is evaluated by quantitative metallography using standard pointcount method [1] . Metallographic images of the microstructure with various degrees of recrystallization are presented in Figure 2 . The microstructure evolves from a deformed structure (0%) at 0 s with elongated grains to an almost completely recrystallized structure (95%) at 150 s where the new grains are approximately equiaxed.
In Figure 3 , the recrystallized fraction is plotted as a function of time on the same graph as the longitudinal velocity. Figure 3 shows that recrystallization begins very early in the process. We can thus reject the hypothesis that the bimodal behavior of the longitudinal velocity is due to successive and separate recovery and recrystallization processes. This fact, however, does not rule out the possibility that recovery and recrystallization might occur simultaneously at first, and that recrystallization dominates afterwards. Figure 3 also shows that, even if metallography indicates that the recrystallized fraction reaches 100% after about 150s, the longitudinal velocity still increases. We conclude that the microstructure is still evolving after 150s. One possible explanation might be that the recrystallized grains grow, with those having some favourable orientation growing at a faster rate than others. This would produce a measurable change in texture and a corresponding change in ultrasound velocity.
Os 0% 60s 34% 20s 14% 150s 95% FIGURE 2. Metallographic images at various times during annealing at 600°C. The recrystallized fraction is indicated for each case. 
TEXTURE
It is well known that the texture of a polycrystalline material, i.e. the preferred crystallographic orientation of the grains, strongly affects ultrasound velocities. Usual techniques to measure texture include X-ray, neutron, and electron diffraction [2] . In this paper, we use laser-ultrasonics as a characterization tool and infer texture parameters from ultrasonic measurements. We obtain the information from the measurement of longitudinal and shear wave velocities [3] . These velocities are evaluated during annealing from the resonant frequencies of the sheet using an experimental setup similar to the one used above for the measurement of longitudinal velocities.
We are interested in the W^w texture coefficient that is closely related to the ratio of the longitudinal velocity to the average of the two shear velocities with perpendicular polarizations. This parameter is of high importance in metal forming since it is related to the average plastic strain ratio [3] . Figure 4 presents the variation of the ultrasonicallymeasured WWQ coefficient with time during annealing at 600 °C. For comparison, the variation of the longitudinal velocity is also plotted. This figure shows that $400 has a negative value that first increases and then decreases to a level higher than the initial value. This variation occurs on a time scale similar to that of the velocity. This variation in WWQ is in fact compatible with the variations observed in the longitudinal velocity. Longitudinal ultrasound velocity in ferrite is fastest along the <111> axis and this axis is preferentially aligned normal to the sheet for these LC samples in the as-received condition. An increase in ^400 can be attributed to a decrease in the probability of having the <111> perpendicular to the sheet [3] , thus leading to a decrease in longitudinal velocity. Similarly, a decrease in 400 should lead to an increase in longitudinal velocity. One could argue that it is a circular argument to explain longitudinal velocity variations using a combination of velocity measurements. However, the ultrasonic texture measurement does involve additional information, namely the shear wave velocity. This analysis is self-consistent but does not exclude the possibility that the observed variations are also caused by different physical phenomena. However, it is usually agreed that texture has a larger effect on sound velocity variations than most other mechanisms. In that context, texture changes is a reasonable explanation for the observed velocity variations. From that point of view, the current results strongly suggest that a good part of the peculiar behavior observed for the longitudinal velocity is the signature of two regimes of texture evolution during annealing. Such a behavior is often observed in ultra-low-carbon steel [4] .
INTERNAL FRICTION
In this section, we present ultrasound absorption measurements performed during annealing. Absorption, or internal friction, is associated with many damping mechanisms that are, in general, strongly sensitive to the microstrucrure. A more detailed description of internal friction measurements during the annealing of low-carbon steel using laserultrasonics can be found in Ref. [5] .
Absorption measurements are performed with the reverberation technique proposed by Willems in 1987 [6] combined with laser-ultrasonics [7, 8] . An ultrasonic pulse is generated at the surface of a finite-size sample (about 1 cm 2 area and 1 mm thick) with a focused excimer laser pulse (KrF at 248 nm, 5 ns duration, 200 mJ energy). The pulse propagates in the material while being scattered by the microstructure and being reflected and mode converted by the reflections at the sample boundaries. After some time, this gives rise to a diffuse field that fills the sample: the sample is insonified. We measure the motion of the surface with a NdiYag laser pulse (1064 nm, 2 ms duration, 150 mJ energy) and a confocal Fabry-Perot interferometer. The amplitude of the recorded noise-like signal decreases with time and this decrease can only be attributed to damping mechanisms. The signal is very broadband and by performing a joint time-frequency analysis followed by Thermocouple Window He How FIGURE 5. Laser-ultrasonic setup in the radiant furnace (side view). Ultrasound is generated on a side and detected on the other side of the sample hold by a thermocouple welded on its rim.
fitting the result with an exponential decrease at various frequencies, an absorption coefficient can be evaluated as a function of frequency between 2 and 40 MHz. The absorption coefficient is converted to the internal friction parameter Q" 1 with:
f where a is the absorption in dB/jis, /is the frequency in MHz and the 0.1 15/n factor is a conversion factor from dB into Nepers/radian. The advantage in performing these measurements with laser-ultrasonics is that the technique is non-contact. It does not suffer from the coupling problem related to conventional transducers reported by Willems [6] . More importantly, it can be applied to samples at high temperature like in the current analysis of the annealing process. Figure 5 illustrates our experimental setup. The sample is suspended vertically in the middle of a radiant furnace by a thermocouple welded on its rim. A helium atmosphere is used to avoid oxidation and to insure a good heat transfer. Two windows, transparent to the laser radiation wavelengths, allow the generation and detection laser beams to enter the furnace. Figure 6 presents the evolution of Q" 1 measured at 10 MHz as a function of time during annealing at 600 °C along with the longitudinal velocity. Internal friction increases right from the start and slowly stabilizes on a time scale similar to that of the longitudinal velocity. Internal friction is very sensitive to the changes in microstructure during annealing since it increases by about 130%. In particular, we note that the internal friction still increases when the recrystallized fraction evaluated by metallography reaches 100% (near 150 s, see Figure 3 ). Again, we conclude that some microstructural changes occur after 150 s and that these are sensed by internal friction.
Measurements performed under a magnetic field [5] suggest that this increase in internal friction is due to magnetomechanical damping. Magnetomechanical effects in the MHz range are associated to micro-eddy currents generated by magnetic domain wall movements [9] . As annealing occurs, the motion of magnetic domain walls is facilitated and the damping increases. Note that an increase in the magnetomechanical damping leads to a decrease in the elastic modulus [10] and reduces the ultrasound longitudinal velocity. Thus, the peculiar behavior of the longitudinal velocity is not only caused by texture variations, but part of the observed decrease is due to magnetomechanical effects. More work is nevertheless needed to determine what are the respective contributions of the two phenomena.
CONCLUSION
Laser-ultrasonic measurements were performed during the annealing of coldrolled low carbon steel at temperatures ranging from 590 to 610 °C. Longitudinal ultrasound velocity measured through the thickness of the sheet were very sensitive to the changes in the microstructure, first decreasing and then increasing to a stable value. The 600 °C annealing treatment was studied in more details in order to provide additional information about the mechanisms underlying the changes in velocity. The recrystallized fraction evaluated by metallography indicated that the recrystallization begins very early and affects velocity during almost all the annealing process. A texture parameter evaluated using laser-ultrasonics suggests that the decrease and increase in velocity is the signature of two different regimes of texture evolution. Ultrasound absorption measurements revealed that internal friction is also very sensitive to the annealing process. This internal friction is related to magnetomechanical damping that also affects longitudinal velocity and may have a significant contribution to the observed velocity behavior.
These results show that ultrasonic velocity and internal friction are both promising tools for the characterization of the annealing process. Even when the recrystallized fraction reaches 100%, both quantities still increase sensing some further microstructure change.
More work is still needed to identify the exact microstructure features that are sensed by both longitudinal velocity and internal friction. Orientation imaging spectroscopy measurements are planned to confirm that two regimes of texture evolution are indeed occurring. We also plan to modify our experimental setup to perform longitudinal velocity measurements during the annealing while applying a magnetic field to suppress the magnetomechanical damping. This way we should be able to separate the contributions of texture and magnetomechanical effects to the changes in longitudinal velocity.
